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Edited* by Charles J. Arntzen, Arizona State University, Tempe, AZ, and approved February 9, 2012 (received for review January 10, 2012) Antibody therapies to prevent or limit filovirus infections have received modest interest in recent years, in part because of early negative experimental evidence. We have overcome the limitations of this approach, leveraging the use of antibody from nonhuman primates (NHPs) that survived challenge to filoviruses under controlled conditions. By using concentrated, polyclonal IgG antibody from these survivors, we treated filovirus-infected NHPs with multiple doses administered over the clinical phase of disease. In the first study, Marburg virus (MARV)-infected NHPs were treated 15 to 30 min postexposure with virus-specific IgG, with additional treatments on days 4 and 8 postexposure. The postexposure IgG treatment was completely protective, with no signs of disease or detectable viremia. MARV-specific IgM antibody responses were generated, and all macaques survived rechallenge with MARV, suggesting that they generated an immune response to virus replication. In the next set of studies, NHPs were infected with MARV or Ebola virus (EBOV), and treatments were delayed 48 h, with additional treatments on days 4 and 8 postexposure. The delayed treatments protected both MARV-and EBOV-challenged NHPs. In both studies, two of the three IgG-treated NHPs had no clinical signs of illness, with the third NHP developing mild and delayed signs of disease followed by full recovery. These studies clearly demonstrate that postexposure antibody treatments can protect NHPs and open avenues for filovirus therapies for human use using established Food and Drug Administration-approved polyclonal or monoclonal antibody technologies.
passive antibody | polyclonal antibody | therapeutic agent | hemorrhagic fever virus M arburg virus (MARV) and Ebola virus (EBOV), from the family Filoviridae, cause acute and frequently fatal hemorrhagic fever in humans and nonhuman primates (NHPs) and are considered among the deadliest infectious agents known to humans (1) (2) (3) . Because of this high lethality and the increasing frequency of outbreaks, filoviruses pose significant emerging disease risks in sub-Saharan Africa and are considered important biological threats. Currently, there are no preventive vaccines or postexposure treatment options approved for use in humans, making the development of such products a high priority.
The use of antibodies as a postexposure treatment for hemorrhagic fever virus infection has met with mixed success. Passive transfer of serum collected from survivors of Junin virus or Lassa virus has proven effective provided treatments are initiated soon after infection (4-6). However, antibody passive transfer experiments have been largely unsuccessful in treating filovirus infections (7) . During a 1995 outbreak of EBOV in Kikwit, Democratic Republic of the Congo, seven of eight patients who exhibited symptoms and detectable EBOV antigen in their blood survived disease after treatment with whole blood from convalescent EBOV survivors (8) . The lethality rate (12.5%) from this treatment was significantly lower than the overall case fatality rate for the outbreak (80%); however, interpreting the role of antibodies in the achieved protection is complicated because the patients received whole blood, not just antibodies, in addition to supportive care in a hospital setting. After the 1995 outbreak, the World Health Organization procured a commercially available equine IgG product produced from horses hypervaccinated with EBOV for potential use in humans (9) . Initial success was achieved by using similar IgG preparations in hamadryas baboons, in which the equine IgG was protective against lethal EBOV challenge (10-12). In contrast, cynomolgus macaques receiving the commercially available equine IgG product did not survive challenge with EBOV, although the onsets to clinical signs and viremia, and time to death, were delayed relative to controls (9, 13) . From these studies, it appeared that the antibody was able to control viremia while present, but when the antibody had been depleted, presumably by complexing with virus or immune clearance because of its heterologous nature, the disease progressed unabated. A second line of research with a single human monoclonal antibody, KZ52, was found to be a potent in vitro neutralizing antibody and protective in guinea pigs (14, 15) ; however, KZ52 failed to protect NHPs against EBOV (16) .
All these preceding studies suffered from one or more of the following limitations. In some cases, antibody treatments were not species-matched, which limited their duration in circulation and may have contributed to the lack of virus clearance. Supporting the notion that species-matched antibodies can control filovirus infections are studies demonstrating protection in mice against mouse-adapted EBOV with the use of homologous polyvalent immune serum (17) or monoclonal antibodies against Ebola glycoprotein (18) . In the case of KZ52, all antibody was directed toward a single epitope, which was unable to slow viral replication in infected macaques. In addition, the antibody treatments were often delivered as a single bolus, limiting the quantity and duration of available antibody. For these reasons, we hypothesized that multiple administrations of concentrated, species-matched polyclonal IgG would protect NHPs against filovirus challenge. To test this, we performed a series of passive transfer experiments in rhesus macaques by using polyclonal, species-matched, virus-specific IgG obtained from a large quantity of convalescent serum from vaccinated rhesus macaques that subsequently survived challenge with a lethal dose of filovirus.
Results
Generation, Fractionation, and Characterization of Polyclonal IgG.
Polyclonal IgG was purified from a large preparation of convalescent serum pooled from vaccinated macaques that subsequently survived challenge with a lethal dose of filovirus. Serum was collected by exsanguinations of NHPs at the termination of successful vaccination and challenge studies. The serum was irradiated, safetytested, and removed from the Biosafety Level 4 environment. The serum was then pooled and fractionated to separate and concentrate the IgG. The fractionated IgG was evaluated and shown to have virus-neutralizing activity (Fig. 1) .
Polyclonal IgG Initiated 15 to 30 min Postexposure Provides Complete
Protection of NHPs Challenged with MARV. In the first study, five naive rhesus macaques were challenged by i.m. injection with a target dose of 1,000 pfu of MARV (Fig. 2) . In the three experimental macaques, MARV-specific IgG treatment was initiated within 15 to 30 min. The other two macaques received nonspecific fractionated IgG (control 1) or PBS solution (control 2) as a treatment. Additional doses of treatment were given 4 and 8 d after challenge. The MARV-specific IgG provided 100% protection, with no observed clinical signs of disease or detectable viremia (Table 1 , study 1; Fig. 2A ; and Fig. S1 ), whereas the control macaques died with classical signs of filovirus hemorrhagic fever. To assess MARV-specific antibody levels and to determine if these NHPs were generating an adaptive immune response to the MARV infection, we performed ELISA on serum to measure MARV-specific IgM and IgG levels after infection. After IgG treatment, MARV-specific serum IgG levels were increased and remained so compared with their individual pretreatment titers (Fig. 2B ). In addition, MARV-specific IgM responses were observed by day 4 and day 6 after challenge, which could only be attributed to the NHPs' intrinsic immune response (Fig. 2C) .
To determine if these NHPs were infected to the extent that protective immune responses were generated, the survivors were rechallenged with MARV 77 d after the initial infection. These NHPs showed endogenous IgG responses to the challenge and displayed no clinical signs of disease or detectable viremia (Fig. S2 ). This indicates that, although the IgG treatment controlled and cleared the initial filovirus infection, sufficient virus was seen systemically to generate immune memory responses that were protective against subsequent rechallenge.
MARV-Infected NHPs Survive Infection When Administered Polyclonal
IgG 48 h Postchallenge. Given these encouraging results, we initiated a second NHP MARV study in which we expanded the therapeutic window. Four naive rhesus macaques were challenged as described earlier, but the initial IgG treatment was delayed for 48 h in the experimental macaques (Fig. 3) . The one control macaque received PBS solution. All experimental NHPs received additional IgG doses on day 4 and 8 postinfection, with an additional dose delivered on day 12 to one NHP that displayed clinical signs of disease (Table 1 , animal 6). Even with the delayed start of treatment, the NHPs were protected from lethal infection, with two of the three NHPs showing no clinical signs of disease (Table 1 , study 2; and Fig. 3A ). The one treated macaque that did develop clinical signs of disease differed from the control macaque in that the specific signs of MARV infection (increased liver enzyme levels and low level viremia) were delayed and much less severe (Fig. S3 ). This animal fully recovered from all signs of disease and was nonviremic by day 16 (Fig. S3D ). In agreement with our initial experiment, MARV-specific serum IgG titers increased after IgG delivery (Fig.  3B ). Of note, all NHPs developed MARV-specific IgM titers, again suggesting that an intrinsic immune response was generated (Fig. 3C) .
Polyclonal IgG Given 48 h After EBOV Challenge Provides Complete
Protection in NHP. To assess the ability of antibody to protect NHPs against EBOV infection, we completed a final study in which four naive rhesus macaques were challenged i.m. with a target dose of 1,000 pfu of EBOV and IgG treatment was initiated 48 h after challenge in three of these macaques (Fig. 4) . Additional IgG treatments were given on days 4 and 8 postexposure. The one control macaque received PBS solution. The IgG used for the third study was fractionated from serum collected from convalescent rhesus macaques that had been vaccinated with a multivalent filovirus vaccine (EBOV and MARV) and survived challenged with EBOV. This filovirus-specific IgG preparation had EBOV-specific and MARV-specific antibodies (Fig. 5A ) and neutralization capacity against EBOV (Fig. 1B) (Fig. 4 B and C) . As expected, the control macaque (control 5) died with classic signs of FHF on day 8 postexposure (Table 1 , study 3). Fever was defined as a body temperature reading 1.5 8C greater than baseline. Depression and anorexia were subjectively assessed. Lymphopenia was defined as at least a 35% reduction in numbers of lymphocytes below a baseline of 3,000 cells/mL. Thrombocytopenia was defined as at least a 35% reduction in numbers of platelets. Rash was defined as mild (barely visible) or widespread petechia. Hypothermia was defined as a body temperature decrease of 4 8C below baseline. AST, aspartate aminotransferase; ALT, alanine aminotransferase. *Given nonspecific IgG.
† Given PBS instead of EBOV-specific IgG. 
Discussion
In the present studies, we have demonstrated that passively transferred species-matched, polyclonal IgG provided complete protection in filovirus-challenged NHPs. This protection was observed even when the IgG was initiated as late as 48 h after filovirus infection. The success with IgG treatments in our studies, compared with past studies with antibody-based efforts, may be attributed to two important factors-the polyclonal nature of the exogenous antibodies controlled virus infection and the multiple treatments maintained sufficiently high levels of IgG until the host's adaptive immune responses could be recruited to help clear the viral infection. This was not the case in studies that used the monoclonal anti-EBOV KZ52, in which virus infection progressed despite high levels of KZ52 in circulation (16) , and in equine IgG studies in which EBOV-specific antibody levels in the blood could not be maintained beyond 7 to 8 d postexposure as a result of clearance of the heterologous equine IgG (9, 13).
Our use of IgG that contained EBOV-specific and MARVspecific antibodies in the EBOV challenge experiment provides some insight into antibody clearance, which appears to be in response to replicating virus. On closer examination of EBOV and MARV IgG levels from the IgG-treated EBOV-challenged NHPs, an interesting dynamic occurs between days 6 and 20 (Fig. 5B) . As previously mentioned, the IgG used in this study was isolated from NHPs that were vaccinated against EBOV and MARV and contained antibody specific for both filoviruses. Analysis on day-6 and day-10 serum samples showed significant increases in EBOVspecific IgG titers that then decreased by the next sampling day (day 8 and day 12). Interestingly, the MARV-specific IgG titers remained relatively constant throughout the study, suggesting that the EBOV-specific IgG was perhaps being depleted by replicating EBOV. Analysis performed on later serum samples taken on days 14, 16, and 20 showed a different dynamic whereby EBOV-specific IgG titers increased without additional IgG treatments, whereas MARV-specific IgG titers gradually waned, suggesting IgG was being endogenously produced.
These results support the need to reconsider antibody therapeutic agents as an effective means of treating filovirus infections. In the recent past, experimental postexposure treatments for filovirus infections have included hyperimmune equine IgG (9), EBOV-specific human monoclonal IgG antibody (16), wholeblood transfusions from convalescent survivors (8) , recombinant IFN (13), recombinant nematode anticoagulant protein C2 (19) , recombinant human activated protein C (20, 21) , recombinant vesicular stomatitis virus vectors (22) (23) (24) (25) , siRNAs (26) , and phosphorodiamidate morpholino oligomers (27) . A summary of these efforts is detailed in Table 2 . The majority of these studies were completed in rhesus macaques and treatments were typically initiated within 30 to 60 min after parenteral filovirus challenge. Aside from the IgG treatment presented here, in only two of these studies were treatments initiated after the day of exposure, and only in the MARV recombinant vesicular stomatitis virus vector vaccine study was the treatment delayed as late as 48 h after exposure (22) . These studies were partially successful, with survival rates of 33% in both studies. The results described in the present study are thus quite remarkable: 100% protection against MARV or EBOV infection was afforded in rhesus macaques even when treatment was delayed as late as 48 h postinfection.
Polyclonal serum and monoclonal IgG are well established technologies of which multiple products have received Food and Drug Administration approval (28) . The series of studies presented in this article provide a proof of concept that therapy based on antibodies can be used as an effective treatment for filovirus infections. This opens the prospect for development of human polyclonal antibody serum or a mixture of agent specific monoclonal antibodies.
Materials and Methods
Viruses. The challenge viruses, EBOV (Zaire, Kikwit strain) (29) and MARV (Ci67) (30) , were specific challenge stocks developed at the US Army Medical Research Institute of Infectious Diseases (USAMRIID).
Generation and Fractionation of Polyclonal IgG. Polyclonal IgG used in all experiments was collected from macaques that were vaccinated with viralvectored vaccine candidates and challenged 28 d later with filovirus. Surviving NHPs were exsanguinated before euthanasia. Serum was collected from blood and pooled into large batches determined by virus challenge, either MARV or EBOV. Serum was irradiated by gamma irradiation at approximately 6 million radiation units and safety tested by plaque assay on Vero cells to demonstrate no detectable live virus. Large batches of serum were shipped to AI Biotech (Richmond, VA) for fractionation. Polyclonal IgG was fractionated in protein G columns and suspended in PBS solution with final pH 7.4. For the first MARV study, the fractionated IgG contained an endotoxin level of 9.79 EU/mg of protein and was assessed to be 81% and 94% pure by nonreduced and reduced SDS-PAGE, respectively. The IgG used in the second MARV study contained an endotoxin level of 9.27 EU/mg of protein and was assessed to be 89% and 97% pure by nonreduced and reduced SDS-PAGE, respectively. For the EBOV study, the fractionated IgG contained an endotoxin level of 7.54 EU/mg of protein and was assessed to be 96% pure by nonreduced and reduced SDS-PAGE. Plaque-reduction neutralization assay was performed as previously described (31) .
Animal Studies. Fourteen (3-5 kg) rhesus macaques (Macaca mulatta) were used for these studies. In all animal challenge studies, the target dose of the virus was 1,000 pfu. The i.v. antibody treatments were administered to the macaques as a slow bolus via the saphenous vein.
For the first MARV study, experimental animals received three doses of 100 mg/kg given at 15 to 30 min, 4 d, and 8 d posexposure. The first dose was partitioned into three equal treatments and given by three different routes of administration (one third of the dose given i.m. 1 inch from infection site, one third of the dose given i.p., and one third of the dose given i.v.). The remaining two doses were given i.v. All NHPs were monitored closely for 28 d following challenge. Because of ethical considerations stemming from the near-universal lethality of infection and as is standard practice for NHP studies with filoviruses, historical controls were sometimes used to limit the number of NHPs required. In these studies, all control animals died from filovirus challenge within the normal time to death. All challenge studies were conducted under maximum containment in hMAb, EBOV-specific human monoclonal IgG1 monoclonal antibody vaccine; PMOplus, phosphorodiamidate morpholino oligomers; rhAPC, recombinant human activated protein C vaccine; rhesus IgG, fractionated IgG from convalescent serum from rhesus macaques; rIFN, recombinant IFN vaccine; rNAPc2, recombinant nematode anticoagulant protein C2 vaccine; rVSV, recombinant vesicular stomatitis virus vectored vaccine; siRNA-SNALPs, siRNAs in stable nucleic acid-lipid particles. Phlebotomy was performed using the femoral vein with a venous blood collection system (Becton Dickinson). Viremia was assayed by traditional plaque assay (1) . Hematological values of blood samples collected in tubes containing EDTA were determined by using a hematologic analyzer (Coulter), and biochemistry values were measured using a Piccolo point-of-care blood analyzer (Abaxis). To determine the specific antibody titers against Ebola virus and Marburg virus (MARV), irradiated virus for each of the filoviruses was used to coat PVC ELISA plates (Dynatech Laboratories). The coated plates were incubated overnight at 4 8C, and the assay was carried out as previously described (2) . Antibody titer was defined as the reciprocal of the highest dilution giving a net optical density value of +3 SDs greater than background. Background was determined by using prechallenge serum from each individual animal for comparison with the postchallenge sera.
Postmortem Examination. For all animal studies described here, the body of each animal that died or was euthanized as a result of the severity of clinical disease was submitted for gross necropsy under Biosafety Level 4 containment. Samples of the following organs were collected from each animal and fixed in 10% (vol/vol) buffered formalin for histology: liver, spleen, kidney, axillary lymph node, and inguinal lymph node. The set of formalin-fixed tissue samples from each monkey was held for a minimum of 21 d and transferred to the US Army Medical Research Institute of Infectious Diseases histopathology laboratory. All tissue samples were trimmed, routinely processed, and embedded in paraffin. Sections of the paraffin-embedded tissues 5 μm thick were cut for histologic examination. The histology slides were deparaffinized, stained with H&E, and placed under coverslips. S4 . Serum enzyme levels, lymphopenia, and viremia after MARV infection. Serum collected at indicated days postinfection was analyzed by Piccolo analyzer to determine (A) alanine aminotransferase, (B) aspartate aminotransferase, and (C) blood urea nitrogen levels. Whole blood collected at indicated days postinfection was analyzed by complete blood counts to measure (D) platelets and (E) lymphopenia. (F) Viral titers were determined using serum collected at indicated days postinfection by plaque assay.
